Typically, the distortion from welding is mitigated with the use of fixtures, clamps, tack welds and so on. Also the welding current and traveling speed are normally set constant during welding along a weld-path. The authors have developed and implemented an advanced control method that adaptively changes welding current and traveling speed depending on the state of deformation, in order to mitigate the final distortion without the use of additional hardware such as fixtures, clamps, and/or tack welds. It predicts the distortion before actual happening and adjusts parameters to counteract the deformation during welding. The present work implements this advanced method by applying an optimized, varying welding current and traveling speed on an edge-welded bar of Aluminum 5052-H32. A comparison is made between the final welding distortion with the new method, versus the regular method at constant welding current and traveling speed. A virtual predictive model was established to simulate and control the adaptive change of welding current and traveling speed, the optimized profile of the process parameters were performed by a robot, and the transient distortion was measured by state-of-the-art 3D photogrammetry cameras in real-time.
INTRODUCTION
American Welding Society (AWS) vision of 2020 clearly says that "Welding will move from being an "art" to being a manufacturing science with the help of computers" and talks about the term "virtual factory" where modeling and simulation tools become commonplace in welding operations [1] . Canada's technology roadmap for the Canadian welding and joining industry mentions "Incorporate welding and joining considerations early in product-design stage [using computer models]" [2] . Europeans picture factory of future as "Smart Factories" where advanced automation and control are key technologies to help welding become more competitive, energy-efficient and innovative as part of manufacturing [3] . All of these documents together with the annual reports of IIW (the International Welding Institute), vision statement of the Japanese Welding Engineering Society (JWES), Asian Welding Society (AWS) objectives, and many other documents encourage a conducive environment for expert system of designer-driven control and optimization in welding by help of computer.
Such expert systems lies within the application of artificial intelligence (AI) that falls into two broad categories: a) problem solving and decision making systems, and b) intelligent communication systems [4] . Welding control with use of Laser vision [5] & [6] or thermally scanned welding [7] , human-robot interactive welding [8] , and sensory feedback control in welding robots [9] & [10] fall into the latter category. Expert systems, however, fall under the former category that is less investigated. A comprehensive literature review on the application of several methods of this category has been summarized by Benyounis and Olabi [11] in the area of welding. They have collected weld optimization applications including Artificial Neural Networks (ANNs), Genetic Algorithm (GA), Response Surface Method (RSM), and Design of Experiment (DOE) to develop a mathematical relationship between the welding process parameters and the objective function(s) of the weld joint ranging from weld-bead geometry to mechanical properties. Success in this category significantly depends on having a reliable predictive model that feasibly and quickly explores large set of design parameters for implementing the modern algorithms of decision-making [12] .
Computational weld mechanics (CWM) deals with the models, algorithms, and software to predict the behaviour of welds in the welded structures. CWM started developing early 1970s for practical weld engineering [13] and it is now maturing with a good level of reliability including complex physics of welding, material modelling, and stress-strain dependency on temperature and evolution of microstructure [14] . Recent activities further has focused on computational strategies and how they are integrated with other approaches to facilitate the use of simulations in industrial scale engineering with sizeable geometry and real-world complexity [15] & [16] .
Weld distortion is a frequent problem in various welding applications and many techniques have been developed since 1960s to mitigate the welding distortion [17] . In the past decades, several mitigation methods have been studied using CWM such as pre-deformation [18] , thermal tensioning [19] & [20] , or by using optimized welding sequences [21] , [22] & [23] , or surrogate modelling [24] & [25] . Advanced mitigation techniques require hundreds of CWM evaluations for a designer to make a right decision. Increasing power of computation provide a platform for performing more complex algorithm for mitigation of weld distortion such as gradient-free direct search, evolutionary algorithms, or probabilistic metaheuristic that need to be integrated to CWM framework.
From the long list of research work collected by Benyounis and Olabi [11] , a few were on the control applications to alleviate the welding distortion during the welding. Arya and Parmar [26] , Murugan and Gunaraj [27] , Benyounis et al. [28] , and Casalino et al. [29] were some of them. Cook et. al. [30] also presented an in-line weld process control application for weld-bead profile control using ANNs modelling. Other than spot welding, there are very few applications that mitigate the distortion or residual stress by optimizing the profile of welding process parameters adaptively during welding.
Recently, authors have developed and implemented an advanced control method that adaptively changes welding current and traveling speed depending on the state of deformation, in order to mitigate the final distortion without the use of additional hardware such as fixtures, clamps, and/or tack welds. It predicts the distortion ahead of actual happening and adjusts parameters to balance it during welding. Therefore, if one has the machinery to apply in-line variation to the welding process parameters such as welding current and speed during welding, then this paper shows that an adaptive control of such parameters could mitigate the distortion.
WELDING EXPERIMENTAL SET-UP
An edge weld on a 1220 x 152 x 12.5 mm bar, shown in 
Figure 1 Experimental Set-Up.
The fixture in Figure 1 was designed to constrain the rigid body to zero while positioning the plate's edge in flat weld (1G) with minimal lateral movement. The part was free to deform but one bottom corner was fixed by a side-to-side hole secured with a through screw to the fixture and the other bottom corner was on a rod that allows the plates to slide in longitudinal direction.
The KUKA robot and Fronius welding units, shown in Figure 2 , were employed to implement the optimized weld process. Since the deformation was capturing with the photogrammetry cameras, a metallic shield was attached to the fixture and sealed with welding blankets in order to prevent the high intensity light from the welding arc to interfere with cameras' white balance. 
PHOTOGRAMMETRY SET-UP
Photogrammetry or digital image correlation (DIC) tracks the movement of a pattern or applied features on the surface in real-time deformation. A local derivative operator on a series of images taken by high sensitive cameras generates a map of displacement and strain. DIC cameras were used for 2D inplane map; a set of stereoscopic multi camera can construct a 3D map if needed. The DIC cameras were employed together with robust "DaVis" software from LaVision for capturing experimental deformation and strain map in 2D. Figure 3 shows the cameras when recording the deformation by tracking movement of spackles applied on the bar. The recording was done 5 fps and started before the welding starts and continued after the welding was halted until the plate was cooled down below 50 C (about 20 minutes). Speckle pattern was random but required to cover the surface in proper density of distribution and range of sizes. The optimized pattern is shown in Figure 4 . ADAPTIVE CONTROL SCHEME The final distortion, if no control or mitigation technique used, forms a camber in the bar so that the maximum occurs in the middle of the bar. The objective is to minimize the maximum deflection in the bar and to reach as a flat bar as possible after the edge welding and cool down.
Welding current and travel speed affect the distortion so that if one can control the welding current and travel speed, an optimized profile of such parameters could alleviate the distortion. An earlier work of ours [4] has been to simulate the use of this idea i.e., adaptive predictive control of welding current and travel speed during welding, in order to mitigate the final distortion. The power per unit length is constrained to be constant and equal to the initial value i.e. 281 [kw/m]. Therefore, the total heat input into the plate is the same from the optimized process versus the traditional process. This is good for distortion comparison since it is an apple-to-apple comparison.
This constraint also couples variations in the welding current and speed. Therefore, the independent control vector can be either the welding current or the travel speed. The welding current was controlled and the traveling speed was adjusted to keep the power per unit length equal to the initial value. As such, the bead size remains visually the same for all segments of weld.
The weld path was divided into 19 sub-paths (64.2 [mm] each) where for each of the weld sub-path the control problem learns from the previous sub-path and tries to find the new value for the welding current and speed that minimize the distortion using predictive Computational Weld Mechanics (CWM). This means that the control algorithm was applied every 64.2 [mm] for 19 times during welding. The only reason for picking every 64.2 [mm] is to save CPU time and the user time to set up the projects and a better result can be achieved by shorter but more sub-paths.
The control algorithm is summarized as follow: i. Read the welding current, I, and traveling speed, S, from the last time step of the last sub-path. ii.
Perturb the welding current I by 10 % and adjust S to keep the power per unit length constant. iii.
Run the FEM analysis for the next sub-path using three values of the welding current; (I-10% I, I, I+10% I) with adjusted S for each one. iv.
Evaluate the user-defined objective function for the three analyses from the previous step and pick the best configuration. v.
Continue the analysis for the next sub-path using the picked set of I and S from the step v. vi.
Repeat at the end of the sub-path until the end of the welding path. Readers are encouraged to check reference [4] for details. The objectives function at step iv was the maximum Ydisplacement in the bar. Therefore the best pick was the lowest maximum Y-displacement. A threshold was considered so that the travel speeds are allowed between 4.5 and 10 [mm/s]. Figure 5 The adaptively optimized profile of welding current and traveling speed (solid line) vs. constant ones set at nominal (dotted line).shows the adaptively optimized profile of welding current and travel speed (solid line) as oppose to the typical constant scenario where welding current and travel speed are set at nominal value (dotted line) for the length of weld path. It indicates that an increasing welding current at the beginning and the end of the welding path on an edge welded bar as well as a current level below the nominal in the middle of the bar could result in a bar that is closer to flat compared to the constant welding current and travel speed. This simulation helps us to understand and remotely optimize welding parameters, but it becomes of practical use when implemented in real world. The main purpose of this paper is to show the successful implementation of such optimized profiles in mitigation of distortion. The welding current and speed were bounded by maximum and minimum limits. The specimen was allowed to cool to ambient temperature after the welding was completed.
IMPLEMENTATION AND CONSIDERATION
The KUKA robot controls the travel speed and it was programmed to change the speed at every 64. 2 [mm] as shown in Figure 5 .The robot calls for different scheduled jobs at the end of each step for which power and feeding rate changes. The power i.e. V.I, changes according to the profile shown in Figure  5 -left. We found that the welding power used in the simulation was too high because the arc efficiency assumed 60 % and ended in molten edge. The robotic welding machine had much higher efficiency and therefore we implemented a trial test to adjust the power to one third of the values from simulation. The simulation suggests changing power by varying welding current alone for a fixed voltage; however, the actual work changed both welding current and voltage to keep the power to the values from computation as shown in Table 1 (the grey columns). The reason is that the welding machine's constrain ( Figure 6 Welding machine's constrain for applying voltage and current.) in changing voltage and current independently was not considered in the control algorithm. The authors believes that the right approach is to re-compute the parameters by rerunning the simulation and adaptive control algorithm in order to find a new optimized profile of welding current and travel speed based on efficiency and constraints of the machine used. A further work still is required to be really optimized; however, the profile employed in this experiment deviated not too far from optimum and remains valid to proof of concept that increasing power at both ends along and reducing power in the middle of the bar can mitigate the final distortion. 
RESULT AND DISCUSSION
Using higher current (and faster speed) at the beginning and end of welding can potentially mitigates final distortion. Long part of weld bead in the middle of weld path introduces a positive (upward) camber during welding and negative camber as final deflection after cool-down. This suggests (and has proved by many engineers) that lower current results in less distortion. This scenario is no longer true when the weld path is relatively long such that positive cambering in weld location occurs at the same time when negative cambering is in progress at certain distance behind the weld due to cool-down. Therefore the upward deformation at weld counteracts the cool-down deflection, and higher welding current is now helpful, not at the location of weld, but for mitigation of distortion in some distance behind the weld. The welding is continuous process that means although a local increase in welding current helps mitigation of distortion behind the weld, but the deflection is becoming worth at current location of weld unless the weld is approaching the end of the part with no material in front and frees to deform.
Depending on welding problem, there are points that current needs to switch between the increasing and decreasing trend. Finding the right location (or time) of these switches is critical to minimize the final distortion, and a predictive model such as FEM model in necessary.
From simulation, the optimum profile of welding current and travel speed results in the displacement shown in Figure 8 . This figure shows that the optimized profile changes the state of deformation from one big bending in the middle of the bar to two smaller ones that are closer to flat and preferred in practical applications. As discussed earlier in this paper, our implementation was not exactly on optimum state and therefore our final measure of deflection is different from this figure. Figure 9 and Figure 10 are the results recorded and analyzed by photogrammetry cameras after welding cool down; figure 7 for deflection from constant welding current and travel speed scenario as oppose to adaptively controlled welding current and travel speed scenario. Both deflections are 25 times magnified in these figures. There are videos associated to each scenario that show a transient map of deformation. Readers may contact the authors for a copy of these videos. The main difference is that the sinus wave of deflection has not formed in the figure 9 that suggests the amount of increasing power at the beginning of weld path was not high enough to deform the bar significantly in the opposite direction of final deflection. Also the position of switching from increasing trend to decreasing needs to be re-adjusted in order to get a wave-wise deflection. However, the key achievement is that the final deflection is mitigated by almost a factor of two. This shows the effectiveness of this technique as well as suggests that a better control algorithm can be design to push the final deflection toward a wave-wise deflection including one negative deformation in the middle and two small positive at each end. 
CONCLUSION
An advanced control of welding parameters was shown in this paper for an adaptive control of welding current and speed in order to mitigate the final deflection during welding depending on the state of deformation ahead of actual happening. Digital image correlation (DIC) technique, which was customized for welding, was employed to record the transient map of deformation during welding and cool down. The comparison between the strategy with no application of control and the strategy that uses the control scheme shows the effectiveness of the control scheme. Although the test here is on an edge welded bar and the bar analyzed is a relatively simple structure, the control algorithm is directly applicable to any welded structure. It shows that if one uses higher welding current at the beginning and the end of weld path and stays below the nominal amp in the middle, such a variation leads to less bending distortion at the end. The optimum values of maximum and minimum current together with the location to switch the profile of current requires a robust computational welding mechanics model to help designers find the best arrangement for each weld. However the manual implementation of such analysis takes much expert-user time which is mostly preparation and setup. This manual preparation time can be significantly high in complex and large projects so that the analysis would become unfeasible in practice. An automated framework saves the user's time and drops the total time to the CPU. CPU time per analysis would increase for larger more complex structures but the user's time would change little.
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